Introduction
============

Severe diaphragm dysfunction could be caused by sepsis \[[@R1]--[@R5]\] to delay mechanical ventilation weaning of those critically ill patients \[[@R4],[@R6],[@R7]\], resulting in higher mortality rate and longer ICU stay \[[@R4],[@R8]\]. Moreover, sepsis-induced diaphragm dysfunction can increase muscle exposure to those proinflammatory cytokines \[[@R9],[@R10]\], whilst weakening the inflammation process can ameliorate sepsis-induced diaphragm dysfunction \[[@R11]\].

Magnesium sulfate (MgSO~4~), widely administrated in the treatment of placenta previa or eclampsia \[[@R12]\], encompasses prominent anti-inflammatory properties \[[@R13]--[@R17]\]. More recently, MgSO~4~ has been found in an effect of inhibiting inflammatory molecules, for example, inflammatory cytokine/chemokine, prostaglandin E2 and nitric oxide \[[@R14],[@R18]\]. Furthermore, MgSO~4~ has also been found to mitigate sepsis-related acute lung injury, as well as the protective effect on ischemia-reperfusion injury \[[@R19],[@R20]\]. Meanwhile, we also found that MgSO~4~ could inhibit high mobility group box 1 (HMGB1) secretion from lipopolysaccharide-activated RAW264.7, proving its anti-inflammatory property \[[@R21]\].

HMGB1, a nonhistone chromosomal protein responsive to damage or stress, acts as gatekeeper within the immune system for cell survival/death \[[@R22]\]. In the circumstance of severe sepsis, cytokine/chemokine released by inflammatory cells could be stimulated by HMGB1 through binding with transmembrane receptors, for example, toll-like receptors (TLRS) and receptor for advanced glycation end-products \[[@R23]\]. HMGB1 can trigger downstream signals by activating TLR4 through MyD88 or non-MyD88 dependent signaling, and induce inflammatory cytokine secretion through nuclear factor-kappa B (NF-κB), MAPKs or PI3K pathway \[[@R24]--[@R26]\]. In-vivo murine study also found that TLR4/NF-κB signal was involved in the course of endotoxin and mechanical ventilation-induced diaphragm injury \[[@R27]\].

However, the anti-inflammatory effect of MgSO4 against sepsis-induced diaphragm dysfunction is far from fully understood. The aim of this study was to investigate the protective function of MgSO~4~ on diaphragm dysfunction in septic rat model, and the role of HMGB1/TLR4/NF-κB signaling in the mechanism of the protective effects.

Materials and methods
=====================

Animals and groups
------------------

In accordance with the National Institutes of Health guidelines, animal experiments were implemented with the approval from Animal Care and Use Committee of Shanghai Jiao Tong University School of Medicine. Sprague--Dawley rats aged 9--10 weeks were randomized into four groups with 10 in each: (1) control group: having an identical laparotomy whilst without ligation or puncture in cecum; (2) CLP group: cecal ligation and puncture (CLP) with continuous saline infusion; (3) CLP + MgSO~4~ group: CLP with continuous MgSO~4~ administration; and (4) MgSO~4~ group: a sham surgery with MgSO~4~ administration. After surgery, all rats were adopted to controlled mechanical ventilation (CMV) for 18 h.

Experimental protocol
---------------------

Sepsis would be generated by CLP technique as described earlier \[[@R28]\]. In brief, rats were anesthetized by pentobarbital through midline abdominal incision. After that, cecum had been ligated with 5-0 silk thread and punctured twice with a 21-gauge needle, following with preparation of a small amount fecal material to induce polymicrobial peritonitis. Then, the cecum was replaced, whilst the abdominal wall was closed in two layers. Rodents were then resuscitated with pre-warmed Ringer's lactate subcutaneously (5 mL/100 g body weight) with or without loading dose of MgSO~4~ (270 mg/kg, Sigma-Aldrich, St. Louis, Missouri, USA).

The approach of experimental controlled mechanical ventilation has been described before \[[@R29]\]. Briefly, tracheotomy was performed either after CLP or sham operation. The carotid artery and left lateral tail vein were cannulated for the administration of pentobarbital sodium (10 mg/kg/h), MgSO~4~ (27 mg/kg/h) or NaCl 0.9%, in parallel with maintaining fluid homeostasis and temperature. Rats were ventilated with a volume-driven small-animal ventilator (V8S, Alcott Biotech, Shanghai, China) for 18 h. Hourly continuous care in terms of bladder expression, removal of airway mucus and eye lubrication were maintained throughout the whole experimental period.

With 18-h CLP and mechanical ventilation, rats were euthanatized through overdose sodium pentobarbital intraperitoneal injection. Blood samples (0.5 mL) were obtained from abdominal aorta to explore inflammatory cytokine/chemokine. Left costal diaphragm segment was excised to investigate contractile properties *in vitro*; right costal diaphragm was frozen at −80°C for further analysis.

Measurement of *in vitro* diaphragmatic contractile properties
--------------------------------------------------------------

The diaphragm muscles were taken out rapidly and contractile properties were determined \[[@R28]\]. Briefly, with 15 min equilibration in pre-warmed Krebs solution, diaphragm muscle strips were stimulated by a 250-ms stimulus train at different frequencies (10, 20, 40, 80 and 120 Hz), in parallel with the contractile forces recorded by a data collection system (MPA 2000; Alcott Biotech, Shanghai, China). The value of muscle forces was normalized by cross-sectional areas. After the completion of all measurements, muscle strips were weighed to obtain 'wet' muscle mass with completion of all measurements. Subsequently, strips were placed in a desiccator for 48 h to obtain 'dry weight'. The wet-to-dry ratio of each strip was calculated by dividing the wet and the dry weight.

Cytokine/chemokine level measurements
-------------------------------------

Several inflammatory cytokine/chemokines consisting of interleukin-6 (IL-6), monocyte chemoattractant protein-1 (MCP-1), macrophage inflammatory protein-2 (MIP-2) and HMGB1 in serum are explored by ELISA kits (Uscn Life Science, Wuhan, China). All assays have been performed according to the manufacturer's guidelines and instructions.

Western blot analysis
---------------------

Right costal diaphragm tissue samples were homogenized in lysis buffer containing protease inhibitors and liaised on ice for 30 min. The homogenate was centrifuged at 12 000 rpm for 5 min at 4°C and supernatant was removed as the total protein. Diaphragm protein samples (30 μg each lane) were subjected to SDS-PAGE using a 12% SDS-PAGE gel and then transblotted onto polyvinylidene fluoride membranes. The protein levels of TLR4 (Toll-like receptor 4), NF-κB (p65), Phospho-NF-κB (p65) and HMGB1 were determined using specific antibodies (1:1000; Cell Signaling, Danvers, Massachusetts, USA). Beta-actin was used as loading control, and the amount of protein amount in the blots was quantified using a densitometer and Image Lab 6.0 software (Bio-Rad Laboratories, Hercules, California, USA).

Statistical analysis
--------------------

Data are presented as mean ± SE and tested for normality and equality of variance by using SPSS version 17.0. Statistical differences were analyzed by one-way analysis of variance with a post hoc Newman--Keuls multiple comparison test. *P* \< 0.05 is considered as statistical significance.

Results
=======

Animal characteristics
----------------------

At 18-h post-CLP, animals' weight was unchanged compared with baseline, whilst a comparative weigh within four groups was also recorded at study end. As shown in Fig. [1](#F1){ref-type="fig"}, all experimental rats show similar diaphragm mass and diaphragm wet-to-dry weight ratios, which act as premises supporting the argument that diaphragm weight not being changed by 18-h post-CLP with or without MgSO~4~ administration.

![Diaphragm weight/animal weight ratios on the left and wet diaphragm weight/dry diaphragm weight ratios on the right for control, CLP, CLP + MgSO~4~ and MgSO~4~ groups. Values for both parameters were similar for all groups. CLP, cecal ligation and puncture; MgSO~4~, magnesium sulfate.](nr-31-902-g001){#F1}

The change of diaphragm contractile properties
----------------------------------------------

*In vitro*, as shown in Fig. [2](#F2){ref-type="fig"}, CLP could sharply reduce diaphragm force-generating capacity, whilst the entire force-frequency curve of diaphragm was downshifted 18-h post-CLP. Compared with the control group, those could sharply reduce in specific force at all stimulation frequencies tested (i.e. 10--120 Hz). Moreover, MgSO~4~ could prevent sepsis-induced deterioration in diaphragm muscle force generation whilst MgSO~4~ + CLP group was significantly improved with force at all stimulation frequencies when compared with CLP alone group.

![Force-frequency curves from the diaphragm strips. Force-frequency curves demonstrate that CLP reduces the diaphragm-specific force production at different stimulation frequencies compared to a sham operation. The loss of force generation induced by CLP was partially attenuated by the administration of MgSO~4~. ^\*^*P* \< 0.05 compared to the control group; ^\#^*P* \< 0.05 compared to the CLP group. CLP, cecal ligation and puncture; MgSO~4~, magnesium sulfate.](nr-31-902-g002){#F2}

Serum inflammatory cytokine/chemokine expression levels
-------------------------------------------------------

Serum IL-6, MCP-1, MIP-2 and HMGB1 were tested at 18 h after the introduction of sepsis. As shown in Fig. [3](#F3){ref-type="fig"}, serum inflammatory cytokine/chemokine in terms of IL-6 (Fig. [3](#F3){ref-type="fig"}a), MCP-1 (Fig. [3](#F3){ref-type="fig"}b), MIP-2 (Fig. [3](#F3){ref-type="fig"}c) and HMGB1 (Fig. [3](#F3){ref-type="fig"}d) were higher at 18-h post-CLP compared with the control group (*P* \< 0.05). However, CLP associated with high inflammatory cytokine/chemokine could be significantly hampered by MgSO~4~ (*P* \< 0.05).

![Quantification of inflammatory cytokine/chemokine levels in serum after CLP *in vivo*. Serum levels of (a) IL-6, (b) MCP-1, (c) MIP-2 and (d) HMGB1 were determined in the control, CLP, CLP + MgSO~4~ and MgSO~4~ groups. Data are presented as the means ± SE. ^\*^*P* \< 0.05 compared to the control group; ^\#^*P* \< 0.05 compared to the CLP group. CLP, cecal ligation and puncture; HMGB1, high-mobility group box 1; IL-6, interleukin-6; MgSO~4~, magnesium sulfate; MCP-1, monocyte chemoattractant protein-1; MIP-2, macrophage inflammatory protein-2.](nr-31-902-g003){#F3}

Magnesium sulfate treatment reduces sepsis-exacerbated HMGB1 expression via inhibiting HMGB1/TLR4/NF-κB pathway in the diaphragm
--------------------------------------------------------------------------------------------------------------------------------

Diaphragm HMGB1 was significantly higher in CLP group compared with the control group (Fig. [4](#F4){ref-type="fig"}), in contrast to the down-regulated HMGB1 protein level captured in CLP + MgSO~4~ group when compared with CLP group (*P* \< 0.05). In order to justify the correlation between CLP responsive systemic inflammation and NF-κB activity, we explored NF-κB expression in diaphragm muscle of septic rats. As a result, an upregulated NF-κB phosphorylation could be seen in rats with sepsis. Administration of MgSO~4~ could substantially reduce the sepsis-induced NF-κB (Fig. [5](#F5){ref-type="fig"}a). In addition, western blot analyses were performed to identify the effects of MgSO~4~ on sepsis-induced TLR4 upregulation. As shown in (Fig. [5](#F5){ref-type="fig"}b), TLR4 in the CLP + MgSO~4~ group were lower than CLP group, but higher than the control group and MgSO~4~ group.

![Changes in the expression of HMGB1 in rat diaphragm. A comparison of the relative densities of HMGB1 and β-actin are shown for the control, CLP, CLP + MgSO~4~ and MgSO~4~ groups. Data are shown as the means ± SE (n = 10). ^\*^*P* \< 0.05 compared to the control group; ^\#^*P* \< 0.05 compared to the CLP group. CLP, cecal ligation and puncture; HMGB1, high-mobility group box 1; MgSO~4~, magnesium sulfate.](nr-31-902-g004){#F4}

![Effect of MgSO~4~ on the TLR4/NF-κB signaling pathway in diaphragmatic muscle tissues. (a and b) Western blots were conducted using antibodies that recognize the expression levels of phosphorylated NF-κB, total NF-κB, TLR4 and β-actin from diaphragm tissue in the control, CLP, CLP + MgSO~4~ and MgSO~4~ groups, expressed as fold change of control group. Data are presented as the means ± SE (*n* = 10). \**P* \< 0.05 compared to the control group; ^\#^*P* \< 0.05 compared to the CLP group. CLP, cecal ligation and puncture; MgSO~4~, magnesium sulfate.](nr-31-902-g005){#F5}

Discussion
==========

Consistent with existing knowledge \[[@R1],[@R2],[@R30]--[@R32]\], our study found that sepsis with following CMV could make significant diaphragm injury in rat model. Moreover, since diaphragm contractile properties improvement with MgSO~4~ administration after CLP was recorded in our study, we, therefore, assume the MgSO~4~ therapeutic potential for sepsis-induced diaphragmatic dysfunction. On the other hand, the protective effect of MgSO~4~ might be inclusive of alleviation of systematic and diaphragm inflammation that could be justified by significant decreased serum inflammatory cytokine/chemokine and diaphragmatic expression of HMGB1 through inhibiting the TLR4/NF-κB signal pathway.

Rodent model of septic challenges with following controlled mechanical ventilation can approximate the corresponding aspects in critically injured patients. Our preceding study had shown that early administration of cisatracurium, one of the most widely adopted nondepolarizing neuromuscular blocking drugs, can attenuate sepsis-induced diaphragm dysfunction \[[@R28]\]. In clinical practice, there is an increasing trend of adopting magnesium for the treatment of acute myocardial infarction, arrhythmia, asthma, pheochromocytoma, and postoperative analgesia \[[@R33],[@R34]\]. Moreover, it was reported that high magnesium therapy provides protective effect on septic rats \[[@R35]\], whilst hypomagnesemia was contrastingly correlated with poor clinical outcomes \[[@R36]\]. The major finding in our study is that MgSO~4~ (18-h period post-CLP) administration could ameliorate sepsis-induced diaphragmatic injury, which was evident in terms of increased diaphragm contractility when compared to CLP rats.

HMGB1 protein, a nonhistone chromosomal protein responsive to damage or stress, acts as sentinel in the immune system playing critical role in cell survival and death pathway \[[@R22]\]. HMGB1 is a potent pro-inflammatory cytokine which act as a 'late' mediator in the course of systemic inflammatory response \[[@R37]\]. Inhibiting HMGB1 can dramatically reduce not only endotoxin-induced lethal endotoxemia but concurrent acute tissue damage \[[@R38]--[@R41]\]. Thus, HMGB1 could presumably be the treatment target, inflammatory-related biomarker and bioindicator \[[@R22]\]. On that note, combined with our previous findings \[[@R28]\], the diaphragm and systemic HMGB1 level was associated with deteriorated sepsis-induced diaphragmatic dysfunction.

The diaphragm function was affected by sepsis-induced over-activation on multiple pro-inflammatory pathways, here TLR4/NF-κB signal pathway might act as a crucial interpretation because of its role as a central coordinator responsive to inflammatory response in kinds organs and diverse cells. TLR4, a key factor in inflammatory response \[[@R42]\], can activate NF-κB signal pathway \[[@R43]\] where the latter modulates inflammatory response of diaphragm muscle fibers \[[@R44]--[@R46]\]. Phosphorylated NF-κB coordinates the induction of several genes encoding corresponding proinflammatory cytokines. Upregulated TLR4 has been reported to modulate skeletal muscle atrophy in terms of increased cytokines in the diaphragm \[[@R47]\]. Moreover, another study also reported the emergence of endotoxin-augmented mechanical ventilation-induced diaphragmatic injury via activated TLR4/NF-κB signal pathway \[[@R27]\]. Enhancement of NF-κB activity and TLR4 expression has also been found in our study. Therefore, we speculate that MgSO~4~ could inhibit the activation of TLR4/NF-κB signal pathway induced by CLP and may, in turn, inhibit inflammatory mediators' expression and improve diaphragm contractile properties.

Additional mechanisms regarding protective effect of MgSO~4~ against sepsis lie in the functions of immunomodulatory, anti-aggregatory and free oxygen radical cleanse from MgSO~4~ \[[@R48]\]. However, the underlying mechanism of MgSO~4~ as inflammatory modulator is unclear despite relentless efforts in past decades.

One of our study limitations is the lack of MgSO~4~ gradient doses in the murine model, so the dose-dependent potential effects of MgSO4 are still unknown. In this study, we observed a protective effect of MgSO~4~ used a loading dose (270 mg/kg) then continuous infusion at the rate of 27 mg/kg/h for 18 h refer to our preexperiment and other's article \[[@R16],[@R49]\]. Further studies are needed to evaluate the dosage dependent-context effect of MgSO~4~ on respiratory muscle and involved potential anti-inflammatory signal pathway.

Conclusion
----------

Our current findings indicate that MgSO4 has beneficial effects on ameliorating sepsis-induced diaphragm dysfunction, identifying HMGB1/TLR4/NF-κB as one of the possible signal pathways. Further studies should include clinical effective intervention doses of MgSO4 and ways to protect diaphragm function in sepsis.
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